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Complex interactions between turbulence and sediment movement around bridge piers result in bridge damage. However, the scouring mechanism remains ambiguous owing to insufficient quantitative experimental analysis pertaining to scouring topographic characteristics and their relationships with turbulent flow. Hence, an experiment is performed in this study to clarify the relationships between turbulent vortex structures and scour topography. First, we measure the two-dimensional flow fields around a bridge pier using particle image velocimetry systems and then establish a three-dimensional scour topography using the structure-from-motion technique. Subsequently, according to the unified coordinate system, we perform an innovative quantitative analysis of the scouring topography and the distributions of the shear force and horseshoe vortex around the pier. The results show the maximum depth of the scour hole increases linearly with the flow intensity. For a single scouring hole, both the cross-sectional area and volume of the scour hole vary parabolically with the height from the pit bottom. The coupling of the flow and bed topography forms the maximum scour hole via shear stress, and the large streamwise vortices on both sides of the bridge pier result in the formation of long shallow grooves on both sides of the sand dune downstream.
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1 INTRODUCTION
Bridge piers, which change the structure of flows, have been an important topic in studies pertaining to rivers and lakes. Owing to an increase in the pressure gradient of water flow caused by bridge piers, the down flow upstream of the pier impinges on the bed and forms a rotating structure known as a horseshoe vortex upstream of the pier (Dargahi, 1989; Dey et al., 1995; Dey and Raikar, 2007; Apsilidis et al., 2015; Link et al., 2018). When the riverbed structure changes significantly, the pier foundation becomes unstable or destroyed. Therefore, local scour is one of the leading causes of bridge failure (Coleman and Melville, 2001; Link et al., 2012; Jia et al., 2017; Guan et al., 2019). Investigations into scour-hole geometries, flow structures, and coupling relationships will enable the mechanism of local scour to be understood.
The geometrical form of the riverbed topography in local scour has been extensively analyzed to improve the understanding of the scouring mechanism (Yao et al., 2018; Zanke et al., 2011; Zarrati et al., 2010; Zhao et al., 2010; Zhao et al., 2012; Zhou et al., 2020). Das et al. (2018) measured the scour depth at different locations and discovered the maximum and minimum scour depths around the middle eccentricity of the cylinder and downstream of the rear inline cylinder, respectively. To examine the form of a scour hole, Yagci et al. (2016; Yagci et al., 2017) used a laser scanner to reconstruct the scouring topography around hexagonal arrays of emergent circular cylinders. Bouratsis et al. (2013) reconstructed a three-dimensional (3D) underwater topography of a pier area based on binocular vision measurement technology and analyzed the evolution process of the riverbed structure. Zhou et al. (2020) conducted an experimental and theoretical study pertaining to the local bed scour distribution. The results showed that the pier diameter, sediment entrainment, and flow characteristics must be considered when predicting the maximum scour depth. However, accurate analysis of scour pit structure is still lacking.
Turbulent structures are the primary driving force of sediments (Ataie-Ashtiani and Beheshti, 2006; Ataie-Ashtiani et al., 2010). Unger and Hager, (2006) applied particle image velocimetry (PIV) to investigate the flow characteristics around a pier. The results showed that the horseshoe vortex continued to expand the size of the scour hole, and the vertical jet upstream of the pier was the dominant scouring factor. Melville and Raudkivi, (1977) analyzed flow fields and discovered that the vortex convection speed decreased toward the bed in a local scour. Graf and Istiarto, (2002) discovered that horseshoe vortices were distributed around the bottom of a pier and extended downstream, whereas the intensity decayed in the flow direction. Meanwhile, Silva et al. (2020) investigated the conical angular vortex at the junction of a square column and discovered that it bent both upward and outward. Roy et al. (2019) analyzed the thin shear layer between the recirculation zone downstream of a pier and external flows to understand the bank undercut mechanism. Zhang et al. (2017) concluded that the horseshoe vortex accelerated flows, and that high bed shear stresses contributed significantly to local scour around single piers. Generally, the vortex was composed of a vortex core with a high vorticity in the center, surround by a spiral flow field. The horseshoe vortex is a key factor that contributed to the local scour around the pier (Sumer et al., 2003; Chakraborty et al., 2005; Roulund et al., 2005). However, the structure and formation mechanism of scouring pit are not clear (Kim et al., 2014; Kim et al., 2015).
Previous studies have primarily focused on turbulent flow and scouring topography characteristics. Experimental coupling analysis remains a significant challenge and is key to clarifying the scour mechanism. Quantitative details regarding the scouring topography and turbulent structure must be obtained to understand the scour mechanism. The objective of the present experimental study is to achieve the relationships between the characteristics of the turbulent structure obtained via PIV and the reconstructed scoured topography with the structure from motion (SFM) method.
The remainder of this paper is organized as follows: In Section 2, the experimental setup details of the scour experiments and the method of reconstructing the bed topography are presented. In Section 3, the results of the 3D scour topography are presented based on experimental data. Additionally, the variations in the flow intensity and scour depth with the area and volume are provided. The turbulent structure around a vertical cylinder is coupled with the reconstructed bed topography to analyze the mechanism of pier scour. Finally, in Section 4, we provide a brief discussion and conclusion to summarize the significant findings.
2 MATERIALS AND METHODS
2.1 Experimental setup
Experiments were conducted in a recirculating open-channel flume (15 m long, 0.4 m wide, and 0.5 m high) with a slope of 0.002 at the Hydraulic Laboratory of the College of Civil Engineering in Fuzhou University, China (Figure 1A). The flume bed and sidewalls were constructed using transparent and smooth glass to facilitate image capture using a PIV system. Three honeycombs were installed at the flume entrance to create a fully developed flow. Six ultrasonic level sensors with an accuracy of ±0.5 mm were equidistantly installed above the flume. A schematic illustration of the experimental setup for the flume system is shown in Figure 1A. The streamwise, wall-normal, and spanwise directions are denoted as x, y, and z, respectively.
[image: Figure 1]FIGURE 1 | Schematic illustration of experimental setup. (A) Flume system, (B,C) laser system, (D) PIV system, laser and camera, (E) PIV image, and (F) scour bed.
In the present experiment, the sediment particle featured a median diameter d50 of 0.5 mm and a density ρs of 2,650 kg/m3. The sediment thickness is the vertical height from the bottom of the tank to the sediment surface, and the sediment thickness was 10 cm. A plastic pipe with a diameter D of 35 mm was used for pier modeling, and its interaction with the sidewalls was negligible. The pier model was placed 7 m away from the entrance to ensure that a fully developed flow was formed in the streamwise direction before the water reached the pier model. Five steady and uniform flow cases were considered in this study. The detailed experimental conditions are listed in Table 1.
TABLE 1 | Experimental conditions.
[image: Table 1]A Nikon D7200 camera (6000 × 4000 pixels) was used to acquire scour bed images. Four ground control points (GCPs) comprising 6 cm × 6 cm square checkerboards were placed at different positions in the flume, and the coordinates are listed in Table 2. After the scour experiment, the scoured region was photographed approximately 200 times. The overlap rate of every pair of adjacent photos should be maintained at approximately 80%. In each case, 70–120 images containing GCPs were calibrated more than five times to improve the accuracy of the 3D reconstruction. Because the laser beams could not penetrate the pier, the tracer particles behind the pier back could not be captured. Instantaneous velocity fields around the pier model were measured in x–z planes using a high-resolution PIV system (ILA Company, Germany). An industrial camera with 1280 × 1024 pixels was installed above the centerline of the pier. A continuous-wave laser (10 W, MGL-W-532) produced by equipped with a Powell lens was used to generate a 1-mm-thick light sheet for illumination. It can be seen in Figures 1B–D, the laser height was adjusted to 0.75 times the water depth hw, and the field of view encompassed an area measuring 3.2 cm × 2.6 cm (the average magnification was approximately 40 pixels/mm). The flow was sealed with polyamide sphere tracer particles (density = 1.03 × 103 kg/m3; mean diameter = 5 μm; refractive index, n = 1.5). To maintain independence among the obtained samples, velocity capture was performed at a frequency of 1 Hz. A multigrid iterative image deformation algorithm was used to calculate the PIV velocity (Astarita and Cardone, 2004), and the sub-pixel accuracy was determined via Gaussian fitting. The interrogation window featured 32 × 32 pixels with a 50% overlap, and the flow field was a matrix comprising 68 × 79 vectors for each target region. A total of 5000 instantaneous velocity fields were obtained for all the cases. Finally, the specific bridge pier arrangement and bed erosion structure are as shown in Figures 1E, F.
TABLE 2 | Coordinates of each point.
[image: Table 2]2.2 Analysis methods
The instantaneous flow fields were calculated using Eqs 1, 2 to obtain the time-averaged velocity fields to analyze the flow characteristics around the bridge pier. Here, u and v are the instantaneous and spanwise flow velocities in the measurement region, respectively, and U and V are the average flow velocities of u and v, respectively. The shear stress τ is calculated using Eq. 3, where μ denotes the viscosity coefficient. The rotation strength is calculated using the delta criterion.
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In this paper, scale invariant feature transform (SIFT) was used to identify and extract terrain feature points and match them (see Figures 2A–C). The patch-based multiview stereopsis algorithm (Furukawa and Ponce, 2010) was used to optimize the sparse 3D point clouds and then generate dense 3D point clouds of the scoured bed. Subsequently, GCPs were used to calibrate the 3D point clouds. It can be seen that Figures 3A, B show the original images and the reconstruction process, respectively. The textured 3D structures and 3D point cloud coordinates of the bed topography are shown in Figures 3C, D, respectively.
[image: Figure 2]FIGURE 2 | Scoured bed and feature point matching. (A) First image, (B) Second image, and (C) Matched points.
[image: Figure 3]FIGURE 3 | Reconstruction process of SFM method. (A) Image groups, (B) Projection of feature points, (C) Reconstructed topography, (D) Point clouds, (E) Bed topography without pier, and (F) Bed topography with added pier.
To perform subsequent quantitative calculations, the point cloud coordinates inside the cylinder were eliminated (see Figure 3E). Here, in order to better quantitatively analyze the scouring pit structure, this paper takes the elevation at the riverbed plane as z=0. Subsequently, a generated regular point cloud was added to the current structure, as shown in Figure 3F. To quantitatively investigate the geometry of the scouring topography, the selected region was meshed with a 1 mm × 1 mm square grid using the nearest neighbor element interpolation method. Accordingly, 1200 × 400 grids were formed in the region measuring 1.2 m long and 0.4 m wide. Finally, the 3D elevation of the bed surface was obtained after interpolation.
3 RESULTS
3.1 Scour hole morphology
Investigations into pier-scoured bed topographies are important, and gridded 3D point clouds provide a basis for the quantitative analysis of scour hole structures. Figure 4 shows a contour map of the scoured bed for Case 992, where the topography of the bed surface around the cylinder can be segmented into three main regions: 1) A relatively flat sand ripple region upstream and downstream of the pier; 2) a scour hole region around the pier, where the scour depths in the front and on both sides of the model are relatively deeper than that at the downstream, and a convex ridge structure is formed behind the model; 3) a sand dune region in the wake area of the pier model. Meanwhile, two shallow grooves were distributed on the top and bottom of the sand ridge and dune, forming angles of approximately ±20° along the x-axis. A bed elevation contour map is shown in Figure 4B.
[image: Figure 4]FIGURE 4 | Bed structures of scour topography in Case 818. (A) 3D structure of bed surface, and (B) Contours of scour topography.
According to sediment incipient theory, sediment is deposited when the flow intensity is lower than the critical Shields number Θc. Therefore, the convex structure inside the scour hole, particularly the “fin-like” sand dune structure behind the model, is suspected to have contributed to the reduction in the flow intensity behind the model. The 3D structures of the bed topography under different flow conditions are presented in Figure 5 to allow a comparison and analysis of the variations in the scouring patterns. The scoured bed scale was normalized by the model diameter D. Figure 5 shows the scour holes, sand dunes, and sand ripples on the bed. In this study, as U/Uc increased the volumes of scour holes and deposited sand dunes behind the pier increased. For instance, the height and volume of the sand dune in Case 818 were relatively small, whereas a larger, more prominent structure was observed in Case 945. Furthermore, as the flow intensity increased, the sand ripples become neater and tighter gradually.
[image: Figure 5]FIGURE 5 | 3D topographies in various flow conditions after scour: (A) Q=7.3 L/s, U/Uc=0.818, (B) Q= 9.1 L/s, U/Uc=0.903, (C) Q=10.5 L/s, U/Uc=0.945, and (D) Q=11.7 L/s, U/Uc=0.984.
The cross-sectional structures of the scour holes along the y–z and x–z planes are presented in Figures 6A, B, respectively, which show the forms of the scour hole. The scour holes expanded outward gradually from the smaller scour hole inside as the flow intensity increased. The two-dimensional (2D) bed elevation profiles of the x–z and y–z planes are presented in Figures 6C, D, respectively, to show the detailed scour hole. The angle from the y-axis was approximately αL = αR = 57° in the y–z plane. The left angle (upstream) and right angle (downstream) from the x-axis were αU = 59° and αD = 53°, respectively, in the x–z plane. As the flow intensity increased, all the angles decreased, and the distances between the peak positions of the sand dune and pier increased. This is because the increase in the Shields parameter enhances the horseshoe vortex structure around the model, resulting in the volume expansion of the scour hole (Zhao et al., 2010). Meanwhile, the sand ridge was washed downstream and aligned in the flow direction by a strong coherent vortex structure.
[image: Figure 6]FIGURE 6 | Bed profiles in y–z and x–z planes of all five flow conditions. (A) 3D profiles of y–z plane, (B) 3D profiles of x–z plane, (C) 2D profiles of y–z plane, and (D) 2D profiles of x–z plane.
Few studies have been conducted regarding the internal structure of scour hole owing to deficient accurate measurements of the scouring form. The gridded 3D scour hole structure provides sufficient data for extracting the slice of the scour hole. As shown in Figure 7, the slices in the x–y planes are those for h/H = 0.4, 0.5, 0.6, 0.7, and 0.9 under different cases. For the same flow condition, when h/H = 0.4, the slice of the scour hole was arc shaped and surrounded the yellow pier in the middle. As the depth of h/H increased gradually, the slice regions corresponding to 0.4 h/H and 0.5 h/H increased symmetrically, and the slice regions corresponding to 0.7 h/H and 0.8 h/H evolved gradually from a symmetrical arc shape to an irregular round shape. Additionally, at a fixed h/H, the slice region of the scour hole under different flow conditions increased with U/Uc.
[image: Figure 7]FIGURE 7 | Slice areas of scour hole at different scour depths: (A) Q=7.3 L/s, U/Uc=0.818, (B) Q=10.5 L/s, U/Uc=0.945, and (C) Q=13.1 L/s, U/Uc=0.992.
The 3D structures of the scour holes at different depths (h/H) are shown in Figure 8 without the pier structure. As h/H increased, the 3D scour hole gradually expanded to a symmetrical inverted cone. Additionally, the back of the pier wrapped inward gradually and formed a symmetrical sand ridge. Similarly, Figure 8 shows that at the same slice position, as the flow intensity increase, the volume of the scour hole also increased. The volume change of the scour hole is consistent with the change trend of that area at various slices of the x–y plane.
[image: Figure 8]FIGURE 8 | Volume vs. scour hole depth for different flow conditions: (A) Q=7.3 L/s, U/Uc=0.818, (B) Q=10.5 L/s, U/Uc=0.945, and (C) Q=13.1 L/s, U/Uc=0.992.
Subsequently, to quantitatively analyze the area and volume of the sour hole, Eqs 1, 2 derived by Yang et al. (2020) were adopted for different h/H values. Here, H (x, y) is the scour depth corresponding to the spatial position (x, y). As described in Section 2.2, the scour region is meshed with a regular square grid; therefore, both x and y are equal to the fixed mesh length net. Eqs 1, 2 can be rewritten as follows:
[image: image]
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Where i the ith height between 1 and h/net, Numi is the number of grids in the slice at height h, net2 the area of the gridding area, Ah the area of the scour hole at height h. (in Eq. 3), h/net the number of grids within height h, net3 the single gridding volume, Vh the accumulated volume from the first layer to a specific layer of h/net.
In the present study, 20 sets of area and volume data at different h were obtained and are shown in Figure 10. The area and volume of the scour structure began to increase gradually from the bottom of the scour hole to the top, particularly at h/H < 0.5. The variation trends of the scour hole area and volume under different flow conditions were similar. Nevertheless, as h approached the bed surface height H, the curves indicated a higher rate of increase. When the flow was intense, the physical scale of the scour hole was larger and its growth rate was low. In general, the area and volume of the scour holes at different heights increased parabolically with h. By fitting the acquired experimental data, two empirical equations were established to predict the scour hole slice area (Ah) and volume (Vh) at (h/H) (see Figure 9). Turbulent Flow and Scour Hole.
[image: Figure 9]FIGURE 9 | Area and volume vs. scour depth. (A) Area, and (B) Volume.
The strong horseshoe vortex upstream of the pier is a significant factor contributing to the local scour. The maximum scour depth occurred near the stagnation point around the pier. Owing to the shadowing effect of the pier, the horseshoe vortex weakened downstream of the pier, resulting in a relatively small local scour depth therein. Figure 10 shows the equilibrium maximum scour depth H/D plotted against the flow intensity U/Uc. As expected, an increase in U/UC resulted in a linear increase in the depth, which is consistent with the findings of Ettema et al. (2006).
[image: Figure 10]FIGURE 10 | Non-dimensional scour depth (H/D) vs. U/Uc.
For further in-depth analysis, from a time-averaged perspective, the mean 2D streamwise velocity u, and spanwise velocity v near the pier in the x–y plane are shown in Figure 11 for Cases 818, 945, and 992. Figure 11 shows that the reverse pressure gradient exerted by the pier, and the maximum negative or positive v values were symmetrically distributed on both shoulders of the cylinder, thus confirming flow separation. In general, the velocity distributions under the different operating conditions were consistent. As the flow intensity increased, the influence range of the cylinder affected the flow field, and the spanwise velocity decreased. The enhancement in the flow intensity inhibited the flow turbulence region created by the cylinder.
[image: Figure 11]FIGURE 11 | Velocity vectors and contours of u and v for various conditions. (A) Case 818, (B) Case 945, and (C) Case 992.
Meanwhile, the sediment around the pier was washed downstream by the current. For further research, the scouring topography was coupled with the flow structure reflecting the mean shear stress and vorticity. As shown in Figures 12–14, the high values of vorticity were primarily distributed around the cylinder and continued to stretch backward in a long and narrow streaky structure. Previous studies (Dubief and Delcayre, 2000; Zhao et al., 2010) showed that the vortex around a pier is a horseshoe vortex. Furthermore, we also observed that the streaks of the vortices detached from the horseshoe vortex (Ettema et al., 2017). This streak region of the vorticity behind the pier was approximately parallel to the deformed bed and coincided with the scouring groove behind the cylinder, indicating that the large streamwise vortices contributed primarily to the formation of the rear shallow long groove. The horseshoe vortex induced a high bed shear stress, which resulted in sediment suspension at the front of the cylinder. A shear stress analysis similar to that of vortices was performed, and the results are also shown in Figures 12–14. As expected, the maximum bed shear stress was primarily located around the cylinder, and the value was relatively small at the rear of the cylinder. Consequently, an unclosed arc zone of shear stress was formed, which encompassed the front and two sides of the cylinder. The 3D bed scouring structure and shear stress contours were plotted. The region with a high shear stress was approximately coincident with the deeper area of the scour hole, indicating that the shear down-shearing effect is an essential dynamic factor in promoting sediment entrainment and the formation of deep scour holes.
[image: Figure 12]FIGURE 12 | Shear force and vorticity coupling with 3D bed surface in Case 818. (A) Shear force and topography contour, (B) Vorticity and topography contour, (C) Shear force and 3D topography, and (D) Vorticity and 3D topography.
[image: Figure 13]FIGURE 13 | Shear force and vorticity coupling with 3D bed surface in Case 945. (A) Shear force and topographic contour, (B) Vorticity and topographic contour, (C) Shear force and 3D topography, and (D) Vorticity and 3D topography.
[image: Figure 14]FIGURE 14 | Shear force and vorticity coupling with 3D bed surface in Case 992. (A) Shear force and topographic contour, (B) Vorticity and topographic contour, (C) Shear force and 3D topography, and (D) Vorticity and 3D topography.
So it can be seen that the two-dimensional flow structure and 3D bed surface coupling based on our experiment can be a good quantitative study of pier scouring mechanism. According to the quantitative analysis of this paper, strong shear stress and horseshoe vortices appeared upstream and on both sides of the pier, and the scour hole in the corresponding area was the deepest. This is because the shear force representing the downward cutting of turbulent flow governed the maximum depth, and the sediment near the upstream surface of the cylinder was swept into suspension by the horseshoe vortex and washed downstream by large streamwise vortices. The primary assumption pertained to the turbulent flow structure, as shown in Figure 15. Here, the undercut-ring structures show the shear stress, and the streaky red form shows the large streamwise vortices. Owing to the synergistic effect by the above mentioned turbulent structures around the pier, the deepest scouring hole was formed. Additionally, the results show that a long and narrow large vortex structure was formed behind the pier model, and its extreme region corresponded to a relatively shallow scouring groove. Thus, we can conclude that the streaky vortex behind the pier scours the sediment, produces shallow scouring holes, and expands downstream at a symmetrical angle to the x-axis. Notably, this assumption in Figure 15 can be used to explain the measured flow field and 3D topographic structure in this study.
[image: Figure 15]FIGURE 15 | Model of flow structures around cylinder pier.
4 CONCLUSION
The coupling relationships between the turbulent structure and scour topography were investigated to determine the mechanism of the local scour. The following conclusions were obtained.
(1) A 3D structure of the scour topography can be reconstructed accurately using the SFM method. When the scour reached equilibrium, the scour holes exhibited irregular inverted cones and the maximum scour depth and scour hole area increased with the flow strength.
(2) As the flow intensity increased, the distances between the peak positions of the sand dune and the pier increased, both the length and height of the dune increased, and the “tail fin” angle of the dune decreased. Significantly, the area and volume of the scour hole increased with the dimensionless depth h/H in an upward parabolic trend.
(3) When the scour reached equilibrium, the rotational strength and shear stress increased with the flow intensity. The shear stress induced by the horse vortex was concentrated upstream and on both sides of the pier, and the downcutting erosion resulted in a deeper scour. The rotational strength patterns were primarily distributed on both sides of the cylinder and extended downstream, forming large streamwise vortices that extended downstream of the cylinder. Finally, the structure resulted in the formation of long shallow grooves on both sides of the sand dune downstream by pushing the sediment aside.
The scoured topography structures and flow fields observed in the present study can be applied to other conditions. Their relationships can reveal the mechanism of local scour for a vertical cylinder. To render the scoured topography structures and flow fields applicable to more general flow conditions, the flow shear force, streamwise vortex, reconstructed scoured bed, and quantitatively analyzed data should be further investigated.
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Notes: Q= flow rate; i, = sand thickness; i, = water depth; W = flume width; U= Q/(h, x W); flume slope, /= 0.002; Re = Reynolds number; v= viscosity coefficient; Fr = Froud number; U/ki=
5.75 log(5.53h./dsg); 1, = 0.0115 + 0.0125dss"*(Melville, 1997); © = Shields number; Case 818 implies that U/Ug, is 0.818.
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